Introduction {#s1}
============

The rapidly increasing global burden of type 2 diabetes is partially the result of poor dietary and lifestyle habits.[@R1] Evidence-based lifestyle modification programmes to lower the risk for diabetes involve dietary changes, including reductions in saturated fatty acid (SFA) intake and increases in dietary fibre intake.[@R2] In an energy-balanced diet, reductions in SFA intake should be compensated for by other energy yielding nutrients. For patients with diabetes, dietary guidelines often recommend increasing the intake of foods rich in monounsaturated fatty acids (MUFA) and sometimes the intake of polyunsaturated fatty acids (PUFA).[@R4] Guidelines for general populations recommend to replace SFA with unsaturated fat, in particular PUFA.[@R5] These recommendations are based on beneficial effects of PUFA on low-density-lipoprotein (LDL) cholesterol[@R6] and relations with lower risk of cardiovascular endpoints.[@R7] In Western Europe, about three-quarters of PUFA comes from plant-derived sources (eg, fats and oils, nuts and grains),[@R9] predominantly as linoleic acid (LA, omega-6) and some alpha-linoleic acid (ALA, omega-3). About 20% of PUFA comes from non-marine animal sources (dairy, meat and eggs),[@R9] as LA, some ALA and some arachidonic acid (AA, omega-6), and less than 5% is from fish,[@R9] in the form of eicosapentaenoic acid and docosahexaenoic acid (long-chain omega-3). Omega-6 as well as omega-3 PUFAs are recommended in dietary guidelines for prevention of cardiovascular diseases.[@R5]

Earlier meta-analyses suggested no relation between marine sources of omega-3 PUFA and diabetes risk.[@R10] However, recent studies suggest that plant-derived omega-6 PUFA likely have a protective effect on diabetes risk. For example, population-based observational studies have shown that the replacement of dietary SFA with total PUFA predicted a reduction in the risk of diabetes.[@R12] In addition, two recent pooling studies of 17 and 20 population-based individual cohorts found that circulating levels of LA were consistently related to lower diabetes risk.[@R14] Additionally, a dose--response meta-regression analysis of randomized controlled trials (RCTs) reported that isocaloric replacement of SFA by total PUFA in the diet improved glycemia, hemoglobin A1c (HbA1c), insulin resistance, and insulin secretion capacity.[@R16] This meta-regression analysis of data from 102 RCTs included all available studies in which any macronutrient was isocalorically exchanged, including RCTs on marine PUFAs and RCTs that were not primarily designed to compare PUFA with SFA or carbohydrates. A limitation of this approach is that results of individual studies for PUFA are potentially overruled or influenced by differences in other macronutrients, such as MUFA or protein. A meta-analysis of RCTs that were primarily designed to compare plant-derived PUFA with SFA or carbohydrates has to our knowledge not yet been performed.

The objective of this meta-analysis was to investigate the effects of plant-derived PUFAs on glucose metabolism and insulin resistance. We performed a systematic review and meta-analysis of randomized controlled feeding trials that were specifically designed to compare the effects of diets high in plant-derived PUFA with isocaloric diets high in SFA or carbohydrates and that reported markers of glucose metabolism and insulin resistance as outcomes. We also assessed effects of the dose of dietary PUFA and of the nutrients that replaced PUFA (SFA or carbohydrates).

Methods {#s2}
=======

Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) statement guidelines were followed for reporting the systematic review and meta-analysis. The methods of this meta-analysis were defined and published in the International Prospective Register of Systematic Reviews (PROSPERO) before commencing the study.[@R17]

Data sources and searches {#s2-1}
-------------------------

Potentially relevant publications were retrieved by a systematic search in Scopus and PubMed through 15 January 2018 ([online supplementary material 1](#SP1){ref-type="supplementary-material"}). In addition, we screened all references in two earlier meta-analyses,[@R6] and we screened studies registered in PROSPERO.
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Study selection {#s2-2}
---------------

A team of three researchers (MA, WAMB, AJW) performed the screening and selection of publications in duplicate. Titles and abstracts were screened and publications were selected if they met the following inclusion criteria: (1) a randomised human trial; (2) a plant-derived PUFA intervention arm (including total plant-derived PUFA, omega-6 PUFA, LA, ALA; (3) an isocaloric control arm with SFA, carbohydrate, or combination of SFA and carbohydrate; (4) an adult or elderly study population (≥18 years), excluding pregnant women, and patients with conditions acutely affecting metabolism (such as post-bariatric surgery patients, patients with cancer, patients with acute post-myocardial infarction); (5) a duration of 14 days or more to see a possible effect of dietary change; (6) controlled provision of whole diets or fatty acid-rich foods (dietary advice studies were excluded); (7) markers of glucose metabolism and insulin sensitivity as outcome measures and (8) no multiple interventions in one study arm, such as supplementation of other nutrients, weight loss, medication change, or exercise.

In case of disagreement between researchers in the first screening on title and abstract, the paper was included in the second full-text screening step. Disagreements between researchers in the duplicate full text screening were resolved by joint consultation and discussion of the paper.

Data extraction and quality assessment {#s2-3}
--------------------------------------

The following data were extracted from the included publications: (1) publication characteristics (reference details, year of publication, country, funding source); (2) study characteristics (parallel or crossover, sample size, study duration); (3) baseline participant characteristics (diabetes status, mean age, mean body mass index (BMI)); (4) intervention characteristics (PUFA dose, PUFA source, replacement nutrient, replacement nutrient source, macronutrient composition, level of feeding control); (5) outcome variables: fasting glucose, fasting insulin, and HOMA-IR (primary outcomes); HbA1c, post-challenge measures of glucose metabolism and markers of insulin sensitivity (clamps, intravenous glucose tolerance test) (secondary outcomes); (6) indicators of compliance to the study protocol (body weight, and changes in medication use) and (7) risk of bias was assessed for each included study through identification and extraction of relevant information on study design and conduct as described by the Cochrane handbook for systematic reviews of interventions.[@R18] The following areas were included for assessment, each being assigned a low, high or unclear risk of bias: random sequence generation, allocation concealment, blinding of participants and personnel, incomplete outcome data, selective reporting, and other sources of bias.

Secondary outcomes were only included in the meta-analysis in case of low heterogeneity and relevant number of included studies (two or more). For all outcome variables, data on mean reported values and its variances at baseline and at the end of the intervention were extracted. All data extractions were double checked by a second researcher, and inconsistencies or cases of doubt were resolved by discussion. Any essential information that was not reported was obtained by direct contact with the authors[@R19] or retrieved from other publications about the same trial.[@R21]

Data synthesis and analysis {#s2-4}
---------------------------

For each comparison, PUFA dose was calculated as the difference in amount of plant-derived PUFA intake between the intervention and control diet. Fasting glucose data expressed in mg/dL were converted into mmol/L by dividing by 18. Fasting insulin data expressed in mU/L or µIU/mL were converted into pmol/L by multiplying by 6. Data for HOMA-IR ((fasting insulin in µU/ml×fasting glucose mmol/l)/22.5 [@R24] were corrected when other formulas were applied.

For each comparison, the mean and SE of absolute differences between intervention and control diets and differences relative to control were calculated for glucose, insulin, HOMA-IR and body weight, according to the methods previously described in detail.[@R25] In brief, for parallel studies, absolute and relative differences were calculated based on average concentrations and variance measures at baseline and at the end of intervention of treatment and control groups. For crossover studies, absolute and relative changes were calculated based on concentrations at the end of intervention of treatment and control periods.[@R25] If control-adjusted changes and SEs were reported in the papers, these were used. Data expressed as median (minimum, maximum) values were transformed to means and SD using the method of Wan *et al*.[@R26] To derive SE from 95% CI or from an effect estimate and p value, equations were used as described by the Cochrane handbook for systematic reviews of interventions.[@R18] Data reported in graphs were extracted using the Microsoft Excel TM Image-to-data Add-In(tushar-mehta.com). We accounted for within-trial correlated data by reducing the weight of each shared study arm.[@R18] For example, when one PUFA study arm contributed to two comparisons (eg, PUFA vs SFA and PUFA vs carbohydrates), the weights of the comparisons were reduced by dividing the sample size of the PUFA study arm by two.

For each outcome variable, a pooled weighted net effect (expressed as summary estimate and 95% CI) was calculated using fixed and random effects models and the inverse of the within-study variance (1/SE^2^) as weighing factor. Forest plots were made to visualize the effects.

Funnel plots were created to visualize possible heterogeneity (in case effect sizes are outside the confidence limits) and publication bias (in case of asymmetry). Heterogeneity was further assessed using Cochranes's Q test (p\<0.1 indicates significant heterogeneity) and quantified by I^2^, which indicates the percentage of variability in effect estimate that is due to heterogeneity rather than sampling error. Publication bias was further evaluated by Egger's weighted regression test of the normalized effect estimates as a function of its precision, in which the absence of publication bias is reflected by an intercept close to 0 (p≥0.05). To formally rate the certainty of the evidence, we applied the Grading of Recommendations Assessment, Development and Evaluation (GRADE) approach that takes into consideration study limitations (risk of bias), inconsistency of results, indirectness of evidence, imprecision, and publication bias.[@R18]

Dose--response relationships between increasing PUFA intake (while decreasing SFA or carbohydrates) and outcome variables were calculated when 10 or more comparisons were available using a meta-regression model that included the amount of PUFA as a continuous variable and weighing the studies by the inverse of their within-study variances (1/SE^2^).

In prespecified subgroup analyses, we investigated the influence of the type of replacement nutrient (predominantly SFA or predominantly carbohydrates), difference in PUFA dose (in tertiles, 3 groups with an equal number of comparisons), intervention duration (2--4 weeks or \>4 weeks), PUFA type (predominantly omega-3 or predominantly omega-6), and health status (diabetes or no diabetes). Post-hoc subgroup analyses were performed for study design (crossover or parallel), industry funding (none or partly/full), level of control over food intake (partial or full), study outcome (primary or not primary), risk of bias (no unclear risk, 1 unclear risk or ≥2 unclear risk), and SFA source (dairy or plant derived). Subgroup analyses were performed if two or more comparisons were included per subgroup.

Results were considered statistically significant if p\<0.05 based on two-sided testing. All statistical analyses were performed using SAS V.9.4.

Results {#s3}
=======

Study characteristics and quality {#s3-1}
---------------------------------

The systematic search yielded 4698 potentially relevant papers and additional hand-searching added 208 publications. After the selection procedure, 13 publications fulfilled the inclusion criteria ([figure 1](#F1){ref-type="fig"}).

![Flow chart of study selection. PUFA, polyunsaturated fatty acid.](bmjdrc-2018-000585f01){#F1}

The 13 publications comprised 19 comparisons of plant-derived PUFA with control, with a total of 576 participants ([table 1](#T1){ref-type="table"}). Age ranged from 23 to 64 years and BMI from 20.5 to 33.5 kg/m^2^. All included study populations were apparently non-diabetic, except for one study, in which 15% of subjects had type 2 diabetes.[@R27] Study duration ranged from 3 to 16 weeks and PUFA dose ranged from 2.6% to 13.0% of energy (En%). In one comparison, the primary PUFA type was omega-3 PUFA (ALA), and in the other 18 comparisons this was omega-6 PUFA (LA). In three comparisons, the primary replacement nutrient was carbohydrates, and in 16 comparisons this was SFA ([online supplementary table 1](#SP1){ref-type="supplementary-material"}). Within studies, all subjects received identical instructions to maintain habitual physical activity, body weight and medication use. In eight comparisons, body weight change during the intervention was reported; the pooled average change during the intervention was +0.05 kg (95% CI −0.29 to 0.39 kg, p value 0.77) in PUFA versus control.

###### 

Characteristics of studies included in the meta-analysis

  Study                              Reference   Study design   Description intervention versus control\*   Intervention (n)   Control (n)   Level of feeding control^†^   PUFA dose (En%)   Diabetes   Age (SD) (years)   BMI (SD      Duration (weeks)   Industry funding^‡^
  ---------------------------------- ----------- -------------- ------------------------------------------- ------------------ ------------- ----------------------------- ----------------- ---------- ------------------ ------------ ------------------ ---------------------
  Bhathena *e* *t al*, 1989, 1^§^    [@R21]      Parallel       PUFA-SFA (low fat)                          16                 15            Full                          2.6               No         28 (5)             22.8         16                 No
  Bhathena *e* *t al*, 1989, 2^§^                Parallel       PUFA-SFA (high fat)                         16                 15            Full                          5.0               No         28 (5)             22.8         16                 No
  Bjermo *e* *t al*, 2012            [@R27]      Parallel       PUFA-SFA                                    32                 29            Partial                       9.5               No         57 (10)            30.8 (3.8)   10                 No
  Brassard *e* *t al*, 2017, 1       [@R40]      Crossover^¶^   PUFA-SFA (cheese)                           77                               Full                          6.7               No         39 (14)            30.8 (6.1)   4                  Full
  Brassard *e* *t al*, 2017, 2                   Crossover      PUFA-SFA (butter)                           77                               Full                          6.7               No         39 (14)            30.8 (6.1)   4                  Full
  Brassard *e* *t al*, 2017, 3                   Crossover      PUFA-Carbohydrate                           76                               Full                          6.7               No         39 (14)            30.8 (6.1)   4                  Full
  Gillingham *e* *t al*, 2011        [@R41]      Crossover      Omega-3 PUFA-SFA                            36                               Full                          5.8               No         48 (12)            28.6 (4.6)   4                  Full
  Karupaiah *e* *t al*, 2016         [@R42]      Crossover      PUFA-SFA                                    34                               Full                          5.2               No         23 (7)             25.1 (4.7)   4                  Full
  Keogh *e* *t al*, 2005, 1          [@R43]      Crossover^¶^   PUFA-Carbohydrate                           40                               Partial                       12.0              No         56 (11)            27.3 (5.1)   3                  
  Keogh *e* *t al,* 2005, 2                      Crossover      PUFA-SFA                                    40                               Partial                       11.0              No         56 (11)            27.3 (5.1)   3                  
  Kriketos *et al*, 2001             [@R28]      Parallel       PUFA-SFA                                    17                 19            Full                          6.3               No         47 (9)             33.5 (3.4)   10                 No
  Lichtenstein *et al*, 2003, 1      [@R44]      Crossover^¶^   PUFA (oil)-SFA                              36                               Full                          10.1              No         63 (6)             27.4 (3)     5                  No
  Lichtenstein *e* *t al*, 2003, 2               Crossover      PUFA (margarine)-SFA                        36                               Full                          11.1              No         63 (6)             27.4 (3)     5                  No
  Rosqvist *et al*, 2014             [@R31]      Parallel       PUFA-SFA                                    18                 19            Partial                       8.4               No         27 (4)             20.5 (2.3)   7                  No
  Schwab *et al*, 1997\*\*           [@R19]      Crossover      PUFA-SFA                                    9                                Partial                       13.0              No         23 (1)             21.1 (2)     3                  No
  St-Onge *et al*, 2007, 1\*\*       [@R20]      Crossover^¶^   PUFA-Carbohydrate                           33                               Full                          4.5               No         44 (3)             29.4 (0.9)   3.6                Partial
  St-Onge *et al*, 2007, 2\*\*                   Crossover      PUFA-SFA                                    33                               Full                          3.9               No         44 (3)             29.4 (0.9)   3.6                Partial
  Vafeiadou *et al*, 2015^§^         [@R22]      Parallel       PUFA-SFA                                    66                 65            Partial                       7.5               No         44 (8)             26.7 (4)     16                 Partial
  Vega-Lopez *e* *t al,* 2006^§^     [@R23]      Crossover      PUFA-SFA                                    15                               Full                          9.0               No         64 (6)             26 (2.4)     5                  No

\*PUFA refers to omega-6 PUFA, unless otherwise stated.

†Level of feeding control is defined as: full, providing whole diets; or partial, providing selected (fatty acid rich) foods.

‡Industry funding is defined as: full, industry providing full funding; partial, industry providing part of funding; or no, no industry funding.

§Data not reported in the paper were obtained from other publications about the same trial.

¶n corrected for within trial correlation (see the Methods section).

\*\*Data not reported in the paper were obtained from the authors.

En%, percentage of daily energy; n, number; PUFA, poly-unsaturated fatty acids; SFA, saturated fatty acids.

The primary outcome variables, fasting glucose, fasting insulin and HOMA-IR, were reported in 15, 17 and 11 comparisons, respectively ([online supplementary table 2](#SP1){ref-type="supplementary-material"}). The secondary outcome measure, HbA1c, was not reported in the included studies; measures from oral glucose tolerance test were reported in one study;[@R27] and measures from intravenous glucose tolerance test in two studies.[@R19] Because of differences in reported procedures and outcome measure, these secondary outcomes were not included in the present quantitative meta-analysis.

Overall, the studies were determined to have a low risk of bias. Bias assessments for each study can be found in the [online supplementary figure 1](#SP1){ref-type="supplementary-material"}. Inspection of funnel plots and quantitative tests indicated no heterogeneity and no publication bias ([online supplementary figure 2](#SP1){ref-type="supplementary-material"}) and applying the GRADE approach to rate the certainty of the evidence resulted in moderate confidence in the effect estimate ([online supplementary table 3](#SP1){ref-type="supplementary-material"}).

Overall effects of plant-derived PUFA {#s3-2}
-------------------------------------

Forest plots of the absolute changes in fasting glucose, fasting insulin and HOMA-IR estimated by fixed and random effects models are shown in [figure 2](#F2){ref-type="fig"}. Plant-derived PUFA intake did not significantly affect glucose concentrations as compared with an isocaloric control. The average absolute change in glucose was −0.01 mmol/L, (95% CI −0.06 to 0.03 mmol/L, p=0.59) and the average relative change was −0.05% (95%CI −0.75 to 0.65%, p=0.89). Plant-derived PUFA intake significantly decreased insulin concentrations by −2.6 pmol/L (95% CI −4.9 to −0.2 pmol/L, p=0.030) or −2.8% (95%CI −6.0 to 0.3%, p=0.079), and HOMA-IR by −0.12 units (95% CI −0.22 to −0.01 units, p=0.031) or −4.4% (95% CI −8.5 to −0.43%, p=0.030).

![Forest plots of comparing a diet high in plant-derived PUFA with saturated fatty acids or carbohydrates on absolute changes in fasting glucose (mmol/L), fasting insulin (pmol/L) and HOMA-IR (unit), ordered by PUFA dose (low to high from top to bottom). Pooled estimates are based on fixed and random effects models. HOMA-IR, homeostatic model assessment-insulin resistance; PUFA, poly-unsaturated fatty acids.](bmjdrc-2018-000585f02){#F2}

Effects of PUFA dose and replacement nutrient {#s3-3}
---------------------------------------------

Results of dose--response meta regression and subgroup analyses of absolute changes in fasting glucose, fasting insulin and HOMA-IR are presented in [table 2](#T2){ref-type="table"} and of relative changes in the [online supplementary table 4](#SP1){ref-type="supplementary-material"}. In dose--response meta-regression analyses, changes per 5 En% increase in PUFA were −0.07 mmol/L (95% CI −0.17 to 0.04 mmol/L, p=0.23) for fasting glucose, −5.8 pmol/L (95% CI −10.2 to −1.3 pmol/L, p=0.011) for fasting insulin, and −0.24 units (95% CI −0.56 to 0.07 units, p=0.132) for HOMA-IR ([table 2](#T2){ref-type="table"}, [online supplementary figure 3](#SP1){ref-type="supplementary-material"}). Adjusting these analyses for baseline concentrations of the outcome variables or intervention duration did not materially affect the results. Analyses according to tertiles of plant-derived PUFA dose showed that studies in the upper tertile of PUFA intake (≥9 En%) reported larger reductions in fasting insulin (change −6.7 pmol/L, 95% CI −10.5 to −2.9 pmol/L) and HOMA-IR (change −0.28 units, 95% CI −0.45 to −0.12 units) as compared with an isocaloric control (p value for interaction between dose categories was \<0.05).

###### 

Results of the analyses of comparing a diet high in plant-derived PUFA with SFA or carbohydrates, on absolute changes in fasting glucose, insulin and HOMA-IR, based on fixed effects models

  Study characteristic         Stratification variable   Glucose                 Change versus control, mmol/L (95% CI)   P value\*              Insulin               Change versus control, pmol/L (95% CI)   P value\*   HOMA-IR   Change versus control, units (95% CI)   P value\*
  ---------------------------- ------------------------- ----------------------- ---------------------------------------- ---------------------- --------------------- ---------------------------------------- ----------- --------- --------------------------------------- -----------
  Overall                                                15                      −0.01 (−0.06 to 0.03)                    0.585                  17                    −2.6 (−4.9 to −0.2)                      0.030       11        −0.12 (−0.23 to −0.01)                  0.031
  Replacement nutrient         SFA                       13                      −0.03 (−0.07 to 0.02)                    0.141                  14                    −2.4 (−4.9 to 0.1)                       0.763       9         −0.13 (−0.24 to −0.01)                  0.584
  Carbohydrates                2                         0.07 (−0.05 to 0.18)    3                                        −3.5 (−9.7 to 2.8)     2                     0.01 (−0.47 to 0.49)                                                                                   
  Dose--response, continuous   Per 5%En                  15                      −0.07 (−0.17 to 0.04)                    0.233                  17                    −5.8 (−10.2 to −1.3)                     0.011       11        −0.24 (−0.56 to 0.07)                   0.132
  PUFA dose                    Tertile 1†                5                       −0.01 (−0.08 to 0.06)                    0.203                  5                     1.5 (−4.6 to 7.6)                        0.020       2         −0.13 (−0.54 to 0.28)                   0.031
  Tertile 2                    5                         0.02 (−0.05 to 0.09)    6                                        −0.5 (−3.9 to 2.8)     5                     0.02 (−0.13 to 0.17)                                                                                   
  Tertile 3                    5                         −0.09 (−0.18 to 0.01)   6                                        −6.7 (−10.5 to −2.9)   4                     −0.28 (−0.45 to −0.12)                                                                                 
  PUFA type                    Omega-6 PUFA              14                      −0.01 (−0.06 to 0.04)                                           17                                                                         11                                                
  Omega-3 PUFA                 1                                                                                          0                                                                                     0                                                             
  Intervention duration        ≤4 weeks                  8                       0.00 (−0.06 to 0.05)                     0.593                  8                     −4.6 (−8.7 to −0.6)                      0.214       5         −0.05 (−0.37 to 0.26)                   0.657
  \>4 weeks                    7                         −0.03 (−0.10 to 0.04)   9                                        −1.5 (−4.4 to 1.3)     6                     −0.13 (−0.25 to −0.01)                                                                                 
  Design                       Crossover                 11                      −0.03 (−0.08 to 0.02)                    0.211                  11                    −5.0 (−8.3 to −1.7)                      0.038       8         −0.23 (−0.39 to −0.07)                  0.078
  Parallel                     4                         0.04 (−0.05 to 0.14)    6                                        −0.1 (−3.4 to 3.2)     3                     −0.03 (−0.18 to 0.11)                                                                                  
  Industry funding             No                        7                       −0.04 (−0.13 to 0.05)                    0.489                  9                     −3.5 (−6.8 to −0.1)                      0.200       5         −0.19 (−0.33 to −0.05)                  0.115
  Partial/full                 8                         0.00 (−0.05 to 0.05)    6                                        −0.1 (−4.0 to 3.7)     6                     −0.02 (−0.18 to 0.15)                                                                                  
  Control over food intake     Partial                   4                       0.01 (−0.08 to 0.11)                     0.526                  6                     −3.0 (−6.0 to 0.0)                       0.667       3         −0.03 (−0.18 to 0.11)                   0.078
  Full                         11                        −0.02 (−0.07 to 0.03)   11                                       −1.9 (−5.8 to 2.0)     8                     −0.23 (−0.39 to −0.07)                                                                                 
  Study outcome                Primary                   1                                                                                       3                     −1.1 (−7.2 to 5.0)                       0.609       0                                                 
  Not primary                  14                        −0.01 (−0.05 to 0.03)                                            14                     −2.8 (−5.4 to −0.3)                                            11                                                            
  Risk of bias                 0 unclear risk            5                       −0.05 (−0.13 to 0.02)                    0.199                  5                     −1.7 (−4.9 to 1.5)                       0.698       5         −0.11 (−0.23 to 0.01)                   0.658
  1 unclear risk               8                         0.00 (−0.06 to 0.05)    6                                        −4.1 (−9.7 to 1.5)     5                     −0.06 (−0.37; to 0.26)                                                                                 
  ≥2 unclear risk              2                         0.12 (−0.06 to 0.31)    6                                        −3.3 (−7.5 to 1.0)     1                                                                                                                            
  SFA source                   Dairy                     9                       −0.02 (−0.08 to 0.04)                    0.954                  9                     −3.7 (−6.9 to −0.4)                      0.314       6         −0.14 (−0.28 to 0.00)                   0.909
  Plant                        3                         −0.04 (−0.12 to 0.05)   2                                        −2.2 (−8.0to 3.5)      2                     −0.09 (−0.31 to 0.12)                                                                                  
  Unspecified                  1                                                 3                                        2.4 (−4.7 to 9.4)      1                                                                                                                            

\*For subgroups, p value \<0.05 indicates a significant difference in pooled effect sizes between subgroups; for continuous data, p value \<0.05 indicates asignificant linear effect.

†Tertiles of PUFA difference per outcome: glucose, t1: ≤6.3; t2: 6.3≤8.4; t3: \>8.4; insulin, t1: ≤6.3; t2: 6.3≤9.0; t3: \>9.0; HOMA-IR, t1: ≤4.5; t2: 4.5≤8.4; t3: \>8.4 En%.

En%, percentage of daily energy; HOMA-IR, homeostatic model assessment-insulin resistance; n, number; PUFA, poly-unsaturated fatty acids; SFA, saturated fatty acids.

Subgroup analyses indicated no differences between SFA and carbohydrates as replacement nutrients for changes in glucose, insulin and in HOMA-IR (p value for interaction \>0.05) ([table 2](#T2){ref-type="table"}).

Effects of other study characteristics {#s3-4}
--------------------------------------

An other factor that may have influenced PUFA effects was study design. Crossover studies reported reductions in fasting insulin (p value for interaction effect between groups \<0.05), whereas parallel studies did not. Subgroup analyses by risk of bias (no unclear risk, 1 unclear risk or ≥2 unclear risk), SFA source (dairy or plant), intervention duration (≤4 weeks or \>4 weeks), study funding source (partial/full or no industry funding), control over food intake (full or partial), or study objective (glucose, insulin, HOMA-IR as primary outcome or not) did not reveal significant heterogeneity ([table 2](#T2){ref-type="table"}).

Discussion {#s4}
==========

In the present meta-analysis of 13 randomised controlled feeding trials, we found that plant-derived PUFA as isocaloric replacement for SFA or carbohydrates reduced fasting insulin and HOMA-IR. In subgroup analyses of studies with the highest PUFA dose, effects on fasting insulin and HOMA-IR were larger.

In an earlier meta-analysis, Imamura *et al* [@R16] found that isocalorically replacing SFA with PUFA lowered fasting glucose and HOMA-IR, but did not lower fasting insulin. This seems at odds with our results, but an important difference in methodology is that the analysis of Imamura *et al* also included RCTs that were not designed to investigate a replacement of SFA or carbohydrates with PUFA. Instead, Imamura *et al* modelled the available data on macronutrient exchanges from a large set of trials on fasting glucose (N=99) and insulin (N=90). In this approach also trials with marginal differences in PUFA intake, for example those designed to compare effects of carbohydrates with protein, contributed to the estimated effects of PUFA. Our meta-analysis did not include such trials, as it was designed to specifically study differences between PUFA and SFA or carbohydrates; thus we did not need statistical adjustments for differences between treatments in MUFA, protein, or dietary fibre. An advantage of the approach of Imamura is that it was based on more data, but it may be that estimates from studies with small differences in PUFA dose were more attenuated than those from studies with large differences in PUFA intake, as suggested by our data. This is also supported by an analysis of Imamura of a subset of 29 trials that specifically aimed to achieve major variation in PUFA. In this analysis, when replacing 5 %En from SFA with PUFA lowered fasting glucose by 0.07 mmol/L instead of the 0.04 mmol/L in their overall estimates. This is well in line with our continuous analysis in which glucose was lowered by 0.07 mmol/L when replacing 5 %En SFA with PUFA. In the same subgroup analysis of Imamura, fasting insulin was 1.2 pmol/L lower when replacing 5 %En SFA with PUFA, instead of 0.05 pmol/L in their overall estimate. However, this was not statistically significant, and still less than the lowering of 5.8 pmol/L when replacing 5 %En SFA with PUFA in our continuous analysis.

Our analysis only included non-diabetic populations, as no trials in patients with diabetes were identified that met our inclusion criteria. The results of the meta-analysis of Imamura *et al* suggested that effects of PUFA are stronger in a subset of trials with patients with diabetes. This could be the result of higher baseline glucose and insulin levels in diabetes, providing more room for improvement, but data from well-controlled trials designed to study PUFA are apparently lacking for this population.

Our findings are in line with earlier cohort studies using dietary intake data[@R12] and biomarker data,[@R14] and together suggest a protective effect of total PUFA or omega-6 PUFA on diabetes risk in non-diabetic populations. A potential mechanism that may explain the effects of PUFA on glucose and insulin metabolism is that a higher proportion of PUFA in cell membranes is linked to changes in membrane fluidity, ion permeability, enzyme activity and insulin receptors, which may favorably affect insulin sensitivity.[@R29] Alternatively, replacement of dietary SFA with PUFA may result in a lower accumulation of liver fat,[@R31] which is a major determinant of diabetes risk.[@R32]

It should be noted that the trials in our analysis provided limited data on the impact of the nutrient replacing plant-derived PUFA. Most trials compared PUFA with SFA, while few studies compared PUFA with carbohydrates. In post-hoc analyses, we did not observe differences between dairy or plant-derived SFA, as was suggested by earlier cohort studies.[@R33] It remains plausible that the type of SFA (eg, stearic or palmitic acid) may influence metabolic effects,[@R6] and also carbohydrates from refined sources or added sugars may have different effects than carbohydrates from whole grains.[@R34] In addition, all interventions in the meta-analysis supplemented plant-derived oils, in which PUFA generally is a mixture of omega-6 and omega-3, and never solely omega-6 and omega-3. Only one trial in our analysis studied effects of primarily plant-derived omega-3 PUFA (ALA), on markers of glucose metabolism and insulin sensitivity; thus, potential differences between omega-3 and omega-6 plant-derived PUFAs could not be studied.

A major limitation of the current study is that data were lacking to provide estimates of effects on insulin sensitivity by gold-standard techniques or on insulin or glucose metabolism after a meal challenge, which may be more informative for metabolic status and predicting diabetes risk. Also, the evidence was considered indirect according to the GRADE approach, as a majority of the individual studies were not primarily designed to investigate effects on fasting glucose, insulin, and HOMA-IR. And, most individual studies did not report statistically significant effects on these endpoints. Also, the relatively low number of studies limits the validity and interpretation of our subgroup analyses. The strength of our analysis is that it included only high-quality randomised controlled feeding trials, in participants with stable physical activity, body weight and medication use throughout the trials. The confidence in the effects estimate according to the GRADE approach was moderate (3 out of 4 stars), and our findings are consistent with earlier meta-analyses of RCTs and observational studies.

The effects observed in this analysis are modest, but may be relevant from a public health perspective, in particular for reducing the risk of developing diabetes on population scale. Differences in fasting glucose of 0.5 mmol/L (\~5 times higher than found in the trials with higher PUFA intake in our meta-analysis) are associated with a 10% increased risk of coronary heart disease[@R35] and a two to threefold increased risk of type 2 diabetes.[@R36] Fasting insulin and HOMA-IR are related to diabetes risk, per 0.5 unit difference in HOMA-IR (\~4 times the current observations), risk for diabetes increases with 20%--80%.[@R36]

In conclusion, this meta-analysis of randomised controlled trials on increasing intake of plant-derived PUFA indicated that PUFA as an isocaloric replacement for SFA or carbohydrates probably reduces fasting insulin and HOMA-IR in populations without diabetes. Sufficiently powered studies should further establish effects of PUFA on insulin sensitivity, also in populations with diabetes.
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